ABSTRACT: Nutrition and growth of 3 size classes of Paracentrotus lividus fed different artificial diets were studied at monthly intervals over 9 mo. At the end of the experiment, the gonadal, test and gut growth rates were estimated so as to establish nutritional budgets. Three types of food were provided: 'vegetable-feed' (low protein, high carbohydrate), 'mixed-feed' (intermediate protein and carbohydrate) or 'animal-feed' (high protein, low carbohydrate). Nutritional parameters were affected by food quality, sea urchin size and experimental period. The highest ingestion rate was obtained with the vegetable food. The highest absorption value was recorded with the animal food while the lowest was observed for the vegetable food. Absorption was negatively correlated to both ingestion rate and carbohydrate levels of the food. The assimilation efficiency was lowest with the vegetable diet and highest with the animal-based feed. Allocation of energy amongst the different body organs was influenced by food quality and sea urchin size. A growth model based on the results shows that sea urchin growth can be explained by 4 factors: the quantity of food ingested; the amount of food absorbed; the size of the individuals; and the quantity of dry matter absorbed.
INTRODUCTION
The quantity and quality of food can influence the physiology and morphology of regular sea urchins. First, the allocation of resources to different components of somatic growth varies with the level of food availability (Ebert 1988) , with an increase in the relative size of Aristotle's lantern and a decrease in the relative size of the test under conditions of low food availability (Ebert 1980 , Levitan 1991 , Fernandez & Boudouresque 1997 , McShane & Anderson 1997 . Second, variations in food supply can affect reproduction (gametogenesis, maturation, size and number of eggs; Gonor 1973 , George 1996 even if reproduction may be protected by redirecting resources at the expense of somatic growth (Thompson 1982) . Food quality also affects physiology and particularly nutritional parameters although the effects of are less known. A positive correlation has been observed between food quality and ingestion rate (optimal foraging theory) but a negative relationship between these 2 variables (compensatory intake model) has also been reported (Emlen 1968 , Frantzis & Grémare 1992 , Valiela 1995 . In this type of study, it is difficult to evaluate the quality of the food. Several indices of food quality can be used, e.g. organic matter, proteins, energy (Frantzis & Grémare 1992) . However, use of natural marine macrophytes is problematic due to the variability in their biochemical composition (which varies according to season or site). As a result, the use of food with a known and stable biochemical composition is necessary to study the ef-type, a given amount of food was provided every 24 h. The feed not ingested at the end of 24 h was collected, freeze dried and weighed. Individual ingestion rates were calculated as being the difference between the provided food biomass and the biomass not ingested (dry weight). Similarly, the water content and dissolution rate of 10 blocks of food were studied to assess food biomass losses and were used to correct the daily ingestion rates. Ingestion was calculated in terms of wet weight, dry weight, organic matter, and protein, carbohydrate and lipid levels.
Absorption efficiencies were also measured monthly. One day after the first food distribution (see ingestion rate protocol above), the faecal pellets produced by the 10 urchins of each aquarium were collected rinsed, freeze dried and weighed; this was repeated every 24 h over the 3 d feeding period. The calculation of absorption was performed using Eq. (1) and was calculated in terms of wet weight, dry weight, organic matter and protein, carbohydrate and lipid levels.
(1) Growth was also recorded monthly based on total wet weight (after 1 min drainage). At the end of the experiment, the gonad, gut, test and lantern weights absorption (%) = (ingested biomass -defaecated biomass) 100 ingested biomass Table 1 . Ingredients used in the preparation of the artificial feeds. The artificial food contained 56% of base meal mixed into a 12.5% binder solution (binder used was gelatin from bovine skin). Biochemical composition of the final food (meal and binder) is also expressed as a percentage (in dry weight).
Energetic levels are expressed in kJ g -1 dry weight for each sea urchin were determined after dissection and drying at 70°C to constant weight. To obtain initial values, these measurements were also taken at the beginning of the experiment from 10 urchins of each size class collected at the same time as the experimental animals. The difference in mean weight for each sea urchin compartment at the beginning and at the end of the experiment allows the growth rate of each organ and the calculation of compartment indices to be estimated. The relationship between the wet weight of the compartment (WWC) and the total wet weight of the sea urchin (TWW) in mg expresses a percentage: CI (%) = WWC 100/TWW (Lawrence et al. 1965) . From these data, the gross assimilation efficiencies were calculated using Eq. (2). From these assimilation efficiency results, the quantity of ingested food which is transformed through growth into tissue can be estimated. For the monthly assimilation we used the wet weight.
(2)
The nutritional budgets, in energy, were then established using all the data obtained. The mode of representation is the same as that used by Frantzis (1992) and was derived from Hawkins & Hartnoll (1983) . This method also allows us to calculate the assimilation in each of the compartments (in terms of energy) for the entire 9 mo experimental period.
Statistics. Three-way ANOVAs and 1-way ANOVAs combined with Tukey multiple comparison tests were used to make comparisons of the nutritional parameters according to the 3 studied factors: 'food type' (dietary treatments), 'size' (sea urchin initial size) and 'experimental period' (9 measurements during the 9 mo of the study). The relationships between ingestion and the biochemical characteristics of the foods were assessed using correlation and regression analyses. Statgraphics plus (v. 1.4) for Windows and STATICF software was used.
RESULTS

Ingestion rates
All the ingestion rate values (regardless of the units of measurement) vary directly with the 3 parameters examined (food type, size class, and experimental period) (Fig. 1) . The variations in dry weight are significant (3-way ANOVA, F = 40.23, 72.48 and 32.87 respectively; p < 0.001) as is the interaction between the 3 factors (F = 2.30; p < 0.001). As a result, 1-way analyses were performed in order to eliminate these interactions.
In terms of the type of food, it was observed that the quantity of food ingested (in terms of dry weight, wet weight and organic matter levels) was greater with the vegetable food than for the other types (Tukey test, p < 0.05) throughout the experimental period. The levels of ingested protein are low for individuals fed the vegetable food, intermediate for those fed mixed food and high for those fed the animal food type (3-way ANOVA, food factor F = 329.44; p < 0.0001). The ingested carbohydrate levels recorded for the different types of food are exactly opposite to those observed for the proteins (3-way ANOVA, food factor F = 479.81; p < 0.0001). Finally, the significant variations in lipid ingestion are as follows: the lowest lipid ingestion levels are recorded for the mixed food, followed by the vegetable food and a high ingestion level is observed with the animal food (F = 18.04; p < 0.05). The results on relationship between ingestion rate and biochemical composition reveal a significant correlation between ingestion and protein levels for the 20-25 and 30-35 mm size classes (r = 0.55 and 0.52 respectively, p < 0.05).
The quantity of food ingested (in terms of dry weight, wet weight, organic matter, protein, carbohydrate or lipid levels) increases with the size of the individuals (Tukey test, p < 0.05). For the 3 foods provided, a significant correlation exists between total food weight ingested and sea urchin final weight (multiplicative regression model: significance correlation test, p < 0.05). When the quantity of ingested food is calculated in terms of a percentage of total sea urchin weight, ingestion levels decrease as a function of urchin size class following a logarithmic regression model (significance correlation test, p < 0.05).
The monthly variations in ingestion rate show that the lowest food intake levels were observed in winter (December, January, February) and occasionally in May, and the highest in June but also in March and October (1-way ANOVA, p < 0.05; Tukey test, p < 0.05). The correlation between ingestion levels and water temperature is significant for sea urchins fed the animal food (regardless of urchin size) (significance correlation test, p < 0.05) and for urchins of the 30-35 and 40-45 mm size classes fed the mixed food (r = 0.79 and 0.64, respectively). A significant correlation was only observed for the 40-45 mm size class when provided vegetable food (r = 0.85).
Absorption
The absorption efficiency values varied (in terms of dry weight) from 40% for 20-25 mm sea urchins with vegetable food (in February) to 83% for 40-45 mm urchins fed animal food (in October) (Fig. 2) . The assimilation efficiency (%) = ingestion rate 100 growth rate × absorption efficiency values vary significantly with the food type but do not vary with the size of the individuals (dry weight: 2-way ANOVA; food factor: F = 76.61, p < 0.001; size factor: F = 0.32, p > 0.05; interaction: F = 0.5, p > 0.05). For dry weight, organic matter and carbohydrate levels, the absorption efficiencies are significantly different for the 3 food types. For protein levels, differences are only significant between the mixed and animal foods. Correlation analysis between absorption efficiencies (in terms of dry weight) and the biochemical characteristics of the food are significant (significance correlation test; p < 0.001 in all cases). The most significant correlation is seen between absorption efficiency (dry weight) and the level of carbohydrates in the food (r = -0.81). The relationship existing between absorption efficiency and ingestion rate was also examined, and a significant correlation was observed for 2 size classes ( 
Growth
The mean initial size of the sea urchins was 23.2 mm (5.8 g) for individuals of the 20-25 mm size class, 32.1 mm (14.8 g) for 30-35 mm individuals and 42.5 mm (31.9 g) for the 40-45 mm size class. Growth differences were observed for the different food types and, for the different size classes, and they also depended on the experimental period (3-way ANOVA, p < 0.05) (Fig. 3) . Maximal relative growth was observed for the 20-25 mm size class fed either mixed or animal food.
The monthly fluctuations in growth reveal a growth decrease in winter as well as in May during the spawning period. At the end of the experiment the gonadal, gut and test indices had increased substantially within the tanks as compared to the initial values. Conversely, the lantern index decreased (Fig. 4) .
Assimilation
The assimilation efficiencies varied with the food provided, the size of the individuals and the experimental period (Fig. 5 ) (3-way ANOVA, food factor: F = 376.2, p < 0.0001; size factor: F = 28.36, p < 0.0001; month factor: F = 12.01, p < 0.0001; significant interaction between the food and month factors, p < 0.05). The vegetable food was the least efficient, followed by the mixed food, which was slightly less efficient than animal food (Tukey test, p < 0.05). Assimilation efficiencies were higher for small sea urchins (20-25 mm) than for the bigger ones The lowest assimilation levels were recorded during the winter (December to February) and during May; maximal assimilation efficiencies were observed in the spring and autumn (October, November, April; Tukey test, p < 0.05).
In order to further examine assimilation in the various body compartments, a nutritional budget for each size class and for each food type was calculated from the nutrition and growth data (Fig. 6) . The distribution of energy ingested depended on the body compartment, the size class and the food provided (3-way ANOVA, body compartment factor: F = 19255, p < 0.00001; size class factor: F = 10, p < 0.00001; food factor: F = 2539, p < 0.0001).
As a general rule, most of the ingested energy was allocated to respiration, excretion and secretion (losses), and only a small part was allocated to gut growth. The remaining energy was allocated to test and gonad growth (1-way ANOVA, F = 1325 to 38854, p < 0.0001). The energy allocated to various body compartments differed with urchin size, except for the mixed food, for which the quantity of energy allocated to gonadal growth increased with size (1-way ANOVA, F = 4.15 to 9.26, p < 0.05). Conversely, the quantity of energy allocated to test and growth decreased with increasing sea urchin size (1-way ANOVA, F = 5.65 to 6.32, p < 0.05). No such tendencies were observed for either energy losses or allocations to the gut. Gonadal investment of ingested energy was of greater magnitude on the mixed food diet (increase of 201% between individuals of the 20-25 mm size class fed the vegetable and mixed food) and, to a lesser extent, the animal food. It should also be noted that for the mixed food, and contrary to the other foods, the energy allocated to the gonads was always higher than that attributed to the test, and this occurred regardless of the size class. For the test growth, the quantity of energy allocated was lower for the vegetable food than for the 2 other types (1-way ANOVA, F = 8.50 to 25.99, p < 0.0001). Finally, minimal losses were observed for the vegetable food, intermediate losses were seen for the mixed food and the highest losses were recorded for the animal food (1-way ANOVA, F = 726.6 to 2231.6, p < 0.0001). Although the nutritional budgets given above indicate where ingested nutrients are assimilated, no information is provided as to which nutrients are of importance. A multiple regression was performed to test the dependence of growth on all of the nutritional variables examined. Only 4 were retained for the purposes of the model: the levels of ingested protein (highest partial coefficient of determination, r (3) where Gr = growth (in g); x 1 = final sea urchin size (in mm); x 2 = level of protein ingested (in mg); x 3 = level of dry matter absorbed (in mg) and x 4 = quantity of carbohydrates absorbed (in mg).
DISCUSSION
Monthly variation of nutritional parameters
Monthly variations were observed in ingestion rate, absorption rate and gross assimilation efficiency as previously recorded for other Echinoidea (Leighton 1968 , Percy 1971 , Miller & Mann 1973 . These variations may be temperature dependent or they may be linked to the reproductive cycle (Moore & McPherson 1965 , Fuji 1967 , Lawrence 1975 ).
The ingestion rates showed a significant positive correlation with temperature, as also reported by Miller & Mann (1973) . The low ingestion levels in May (despite a high water temperature) may be the result of spawning during this period (May 3, 6 and 17, 1994) . This is agreement with Fuji (1967) gylocentrotus intermedius (A. Agassiz) feeds very little just prior to and during its spawning. Fuji (1967) observed that variations in assimilation efficiencies concurred with fluctuations in water temperature. Similarly, Klinger et al. (1986) recorded a low absorption efficiency at low water temperatures, and Miller & Mann (1973) observed an elevation in absorption efficiency values with increasing temperature. Conversely, results given by Lares & McClintock (1991) suggest that absorption efficiency remains identical regardless of temperature. In the present study, only sea urchins fed vegetable food exhibited a significant correlation between water temperature and absorption levels.
High values in gross assimilation efficiencies were recorded in the spring whereas values were low in the winter. Since respiration is known to increase with increasing temperature (Miller & Mann 1973) , the assimilation efficiency should have dropped during the periods of elevated temperature, but this was not observed.
Effect of size on nutritional parameters
An increase in ingestion rate (in terms of weight) with increasing size is generally observed in Echinoidea (Fuji 1967 , Buxton & Field 1983 , Mukai & Nojima 1985 , Frantzis & Grémare 1992 . A multiplicative regression model was observed in the present study for Paracentrotus lividus as has been reported for Parechinus angulosus Leske (Buxton & Field 1983) . Proportionally speaking, the quantity of food available for growth in small individuals is greater than that in larger specimens.
Absorption efficiencies for the different size classes are usually similar in Echinoidea (Fuji 1967 , Miller & Mann 1973 , Thompson 1982 , Mukai & Nojima 1985 . The present results are in agreement with this.
The decrease of gross assimilation efficiencies with increasing sea urchin size is in agreement with Fuji (1967) and Leighton (1968) . This cannot be due to a decrease in absorption. The nutrients absorbed are not used solely for growth but also for maintenance (Lawrence 1975) . Miller & Mann (1973) and Lawrence & Lane (1982) observed that the quantity of food allocated to respiration increased with the size of the sea urchin. The variations in maintenance energy demands would therefore seem to be the main reason behind the observed decrease in gross assimilation efficiency with increasing urchin age.
We also observed a variation in food allocation with increasing sea urchin size. As a general rule, the level of energy used for reproduction increases with increasing sea urchin size whereas a decrease is observed in allocation to test and lantern with increasing size. A portion of the 'lost' energy represents spawned gametes. As a general rule, gametes which are produced and subsequently spawned are considered separately or are included in gonadal growth. In the present study however, urchins spawned in May and this portion of the energy allocated to gonadal growth is not included in our calculations. The part invested in the gametes spawned may represent up to 4% of the energy absorbed annually (Fuji 1967) . 'Losses' are also costly for large individuals, probably due to the fact that the level of energy used for maintenance (particularly respiration) increases with increasing sea urchin age (Fuji 1967 , Lawrence & Lane 1982 . Conversely, the percentage of food allocated to test growth decreases with size, as observed with growth data obtained from theoretical models (Allain 1978 , Azzolina 1988 , Turon et al. 1995 , and it is due to the individual's physiology (Lawrence & Lane 1982) . The same is true for the lantern, which requires less energy as its size decreases (Fuji 1967 , Lumingas 1994 ), a phenomenon which holds true for other organs used in food acquisition (Lawrence 1975) .
Effect of food provided on nutrition
Variations in ingestion rate as a function of the food type provided have been reported in Echinoidea fed natural algae, with a correlation between food preference and food intake (Vadas 1977 , Anderson & Velimirov 1982 , De Ridder & Lawrence 1982 , Frantzis & Grémare 1992 even when algae are used to prepare artificial food (Klinger & Lawrence 1984) . With artificial food, the ingestion rates are higher for animal foods than for vegetable foods (Litchko et al. 1990) (note that it is with a carnivorous sea urchin). Finally, Lawrence et al. (1989) and Klinger et al. (1994) observed that the ingestion rates were identical for sea urchins given fish meal or vegetable meal. However, the 2 food types provided in the above experiments possessed a similar macro-nutrient quality: the same protein, carbohydrate and lipid percentages.
The relationship between food quality and food intake levels is a subject of great controversy; the optimization theory suggests that ingestion levels increase with increasing food quality while the compensatory theory stipulates the existence of an inverse relationship between these 2 variables (Frantzis 1992 , Valiela 1995 . Although the results of the present study concern only 3 food types, the data generated seem to be more in agreement with the second theory, with an increase in ingestion rates when protein levels in the food are low (with protein levels being an indication of food quality). The same results have been obtained in other studies (Miller & Mann 1973 , Lowe & Lawrence 1976 , Frantzis & Grémare 1992 . In the present study, it should be noted that the increase in ingestion levels (in terms of weight) observed for individuals fed vegetable food does not compensate for the low protein content of this food type. According to several authors, maximal ingestion rate is governed by the volume of the gut (Frantzis 1992 , but see also Klinger & Lawrence 1985) . It is therefore possible that the quantity of vegetable food ingested does not reach the threshold limit and, as a result, that the quantity of food ingested is too low to provide the needed protein levels.
Absorption efficiencies observed in regular sea urchins are generally quite high (see Lawrence 1975) (i.e. between 60 and 80%). Absorption efficiencies recorded for Paracentrotus lividus seem to vary substantially depending on the food provided; from 0 to 96% for marine plants (Frantzis & Grémare 1992 , Ménager et al. 1995 and from 8 to 34% for artificial food (Lawrence et al. 1989) . The high absorption recorded in our study may be due to the long duration as well as to the food provided. Indeed, the gut's bacterial flora is not very efficient in wild specimens when they are exposed to a heterogeneous food resource. In contrast, during a long-term experiment using a unique food source, the microflora can become adapted and bring about an increase in the efficiency with which the food is absorbed (Frantzis & Grémare 1992, Barker pers. comm.) . The differences in absorption efficiencies between the various types of food (in terms of dry weight and organic matter content) observed in this study seem to be due to a variability in the absorption of carbohydrates. Indeed, the absorption efficiencies for proteins remain very similar regardless of the food provided (between 81 and 86%) and the absorption of carbohydrates varied substantially from one food to another (from 49% for the vegetable food, to 88% for the animal food). It is suggested that these differences in absorption efficiency are due the differing carbohydrate quality. Regular sea urchins absorb insoluble carbohydrates poorly compared to the efficiency with which they absorb soluble sugars and proteins (Lawrence 1975 (Lawrence , 1976 (Lawrence , 1982 . Insoluble carbohydrates are structural sugars which originate mainly from plant cell walls and they are abundant in vegetable meal whereas they are poorly represented in fish meal (McClintock 1986) . The fact that ingestion rates are negatively correlated to protein content would seem to indicate that the sea urchins increase their food intake when eating vegetable food in an attempt to compensate for both the protein-poor aspect of this food source and also its low digestibility. The differences in absorption efficiency can also be explained by the relationship which exists between absorption efficiency and ingestion rate: absorption in Echinoidea is higher when food intake levels are low (Thompson 1982 , Mukai & Nojima 1985 , Frantzis & Grémare 1992 . This relationship may be due to the fact that the transit time of food within the gut increases when food intake levels are low (Kempf 1962 , Fuji 1967 , Gonor 1973 ) and would allow better activity of the digestive enzymes and microbial flora which would subsequently cause an increase in absorption efficiency (Gonor 1973 , Frantzis 1992 .
The variations in gross assimilation efficiency observed for Paracentrotus lividus fed different food sources (10 to 25%) are similar to those recorded previously in Echinoidea (Fuji 1967 , Leighton 1968 , Mai & Mercer 1991 and to those of other herbivores, such as adult oyster (7 to 8%, Heral 1986), Rotifera (11%, Dajoz 1985) , abalone (10 to 15%, Mai unpubl.) and limpets (10%, Hawkins & Hartnoll 1983) . The values reported here, however, are much lower than the gross assimilation efficiencies observed in fish (45 to 58%) (Dajoz 1985) .
Concerning food allocation to each compartment, high allocation to gonad growth observed with the mixed food agrees with results of previous short-term growth experiments (Fernandez et al. 1995) . In terms of the food type provided, the lower quantity of food allocated to test growth for the vegetable food corroborates a previous study where the lowest growth rates were obtained with vegetable food (Fernandez & Caltagirone 1994 , Fernandez & Pergent 1998 . This limited growth on vegetable food appears to result from not only the limited quantity of proteins but also to the relative quantity of food allocated to test growth which is lower than that observed for the more protein-rich food sources. The variation in energy losses as a function of feed could be due to oxygen consumption, which can vary greatly with the food provided (Gonzalez et al. 1993) . In the present study, it was seen that the animal food and, to a lesser extent, the mixed food are more rapidly dissolved than the vegetable food. These solutions bring about pollution within the aquarium, with an increase in nitrates, nitrites and ammonia. These compounds are known to increase respiration, which leads to higher metabolic losses (Gonzalez et al. 1993) .
Although the gross assimilation efficiencies and nutritional budgets give a good indication of the utilization of food for growth, no information is provided about the nutritional aspects of the food sources most important for growth. It has been suggested that the growth of benthic plant-eating invertebrates is limited by the availability of macro-and micro-nutrients (Frantzis 1992) . Multiple regression analyses suggest that growth is best explained by the quantity of proteins ingested than by the other variables. This is in agreement with the results of Lilly (1975) and Lowe & Lawrence (1976) , who also observed that the amount of protein ingested best defines growth. Conversely, Frantzis (1992) thought that the growth of Paracentrotus lividus was best explained by the quantity of organic matter absorbed.
